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http://dxObjectives: Less invasive circulatory support devices have been developed that require anastomosis to a periph-
eral artery. The Symphony Heart Assist System (Abiomed, Inc, Danvers, Mass) is a volume-displacement pump
sewn to the subclavian artery to provide partial circulatory support. The surgical configuration produces nonphy-
siologic blood pressure and bidirectional flow in the subclavian artery. Our objective was to identify effects of
altered hemodynamics on arterial structure and function.
Methods: In calves (n ¼ 23; 80-100 kg), the Symphony pump was sewn end-to-side to the carotid artery.
Acutely, carotid blood pressure and flow were recorded to evaluate hemodynamic changes. After medium-
term support (1-4 weeks), carotid artery was studied. Histologic and molecular assays evaluated architectural
changes. Quantitative real-time polymerase chain reaction evaluated gene expression of matrix metalloprotei-
nase (MMP)-2,MMP-9, and connective tissue growth factor. In vitro carotid arterial-ring studies evaluated phys-
iologic responses.
Results: During Symphony support, carotid arterial pressure was 200/15 mm Hg. Antegrade flow increased
significantly (P<.05) from 1.40  0.32 to 4.29  0.33 L/min. Flow during native cardiac diastole reversed
completely from 0.25  0.05 to 4.15  0.38 L/min in carotid artery proximal to the anastomosis. After
medium-term support, the carotid artery was significantly dilated with significantly thinner tunica media and
thicker tunica adventitia than in control carotid arteries. MMP-9 gene expression decreased significantly, con-
nective tissue growth factor gene expression increased significantly, and collagen, elastin, and total extracellular
matrix increased significantly. Endothelial cells were significantly hypertrophied and produced significantly
more von Willebrand factor. Endothelial apoptosis increased significantly. Platelet-endothelial interactions
decreased significantly. Endothelial-independent contraction decreased significantly, whereas endothelial-
dependent relaxation increased modestly.
Conclusions: Assisted circulation with a left ventricular assist device triggered arterial remodeling that allowed
a peripheral artery to accommodate the altered hemodynamics of a novel partial-support pump. Further
delineation of remodeling pathways may be of significance for the emerging field of partial circulatory support.
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SMechanical circulatory support has evolved into a stan-
dard therapy for adult patients with advanced heart failure.
With nearly 4300 patients studied, the Interagency Regis-
try for Mechanically Assisted Circulatory Support re-
ported a recent 2-year survival of 74% with current
devices.1 However, concerns have been raised that
abnormal hemodynamics in these patients may trigger un-
favorable changes in myocardial structure.2 In particular,
prolonged unloading of the failing left ventricle may
reduce myocardial mass and produce myocyte atrophy
and ventricular stiffening.
Yet, arterial remodeling during left ventricular assist de-
vice (LVAD) support has not received the same attention.
It is well known that blood pressure and blood flow
influence arterial architecture and function.3,4 However,
if hemodynamics are maintained outside the normal
physiologic range, the effect on arterial tissues is
uncertain. Arteries exposed to supraphysiologic pressures,rdiovascular Surgery c Volume 148, Number 1 311
Abbreviations and Acronyms
CTGF ¼ connective tissue growth factor
DAPI ¼ 40,6-diamidino-2-phenylindole
FITC ¼ fluorescein isothiocyanate
LVAD ¼ left ventricular assist device
MMP ¼ matrix metalloproteinase
PCR ¼ polymerase chain reaction
PSS ¼ physiologic saline solution
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Sflows, and shear stress from an LVADmay undergo changes
in size, architecture, and function.
A number of novel circulatory support devices are being
developed that require an end-to-side anastomosis to a pe-
ripheral artery.5,6 This anatomic configuration forces a
medium-sized artery to accommodate significant increases
in blood flow, blood pressure, and, with certain devices,
bidirectional blood flow. The effects on arterial structure
and function are unknown.
We studied a novel partial-support LVAD (Symphony
Heart Assist System; Abiomed, Inc, Danvers, Mass) in a
bovine model. The Symphony is a 30-mL pump
designed to deliver prolonged ambulatory partial circu-
latory support for months to years in patients with
advanced heart failure. The pump is implanted posterior
to the pectoralis major muscle, which precludes the
need for a sternotomy or thoracotomy (Figure 1, B). A
modified polytetrafluoroethylene graft is sewn to the
subclavian artery. The patient’s continuous electrocar-
diogram triggers real-time filling and emptying of the
Symphony pump. The pump fills during native cardiac
systole to reduce left ventricular afterload and ejects
during native cardiac diastole to augment diastolic
blood pressure. This results in improved coronary and
systemic blood flow. By these mechanisms, the myocar-
dial oxygen supply-demand relationship improves,5 and
end-organ perfusion increases. A clinical trial with the
Symphony pump is currently underway in Canada and
France.7
The anatomic configuration of the Symphony produces
a unique hemodynamic profile near the anastomosis. The
segment of the subclavian artery between the outflow graft
and the aorta experiences a nonphysiologic pattern of
alternating antegrade-retrograde blood flow during pump
filling and emptying, respectively (Figure 1). The effects
of altered pressure and bidirectional flow on arterial struc-
ture and function have not previously been studied. Conse-
quently, we hypothesized that a nonphysiologic profile of
blood flow triggered endothelial and arterial remodeling
in vivo. We investigated structural and functional changes
that occurred after 1 to 4 weeks of support with the Sym-
phony pump.312 The Journal of Thoracic and Cardiovascular SurgMATERIALS AND METHODS
This study was conducted in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals (Guide for the
Care and Use of Laboratory Animals). All experimental procedures were
approved by the institutional animal care and use committee of the Univer-
sity of Louisville (Louisville, Ky).
Study Overview
Preclinical testing of implantable devices requires a large animal model
that closely mimics human cardiovascular anatomy and physiology.8 Male
calves (n ¼ 23; 80-100 kg) were used to evaluate the Symphony pump.
Calves are the established industry standard to test safety, performance,
reliability, and efficacy of LVADs.9
The study was performed according to Good Laboratory Practices
(GLP) guidelines to determine preclinical safety of the pump. Animals
were supported acutely (n ¼ 4) or for 1 week (n ¼ 10), 2 weeks (n ¼ 7),
or 4 weeks (n ¼ 2) of uninterrupted support with the Symphony pump.
Evaluation of the carotid artery near the anastomosis and contralateral ca-
rotid artery allowed each animal to be used as its own control.
The Symphony pump was implanted subcutaneously in the neck. An
anastomosis was performed between the pump graft and the carotid artery
as described. This approach was chosen because of the similar size and
structure of the bovine carotid artery and human subclavian artery
(approximately 8-10 mm diameter), as well as the similar distance from
the anastomosis to the aortic valve in humans and in calves (approximately
8-10 cm).10
After completing the planned duration of support, animals were eutha-
nized. Carotid artery proximal to the anastomosis and contralateral carotid
artery were harvested. Initially, histologic and molecular analyses were
performed on tissues from animals that underwent 1 week of support
(n ¼ 8). Interesting histologic changes in this group of animals led to
more analyses in additional animals. We evaluated whether observed histo-
logic changes may have resulted from changes in matrix metalloproteinase
(MMP) and connective tissue growth factor (CTGF). Quantitative real-time
polymerase chain reaction (PCR) for MMP and CTGF gene expressions
was performed on carotid arteries from additional animals that
underwent 1 week and 2 weeks of support (n ¼ 9). Later, to determine
whether architectural changes were associated with abnormal vessel reac-
tivity, isolated arterial ring studies were performed with carotid arteries
from animals that underwent 2 weeks and 4 weeks of support (n ¼ 5). In
these animals, live carotid artery sections were transferred to physiologic
saline solution (PSS) for in vitro isolated ring preparations to determine
endothelial-dependent and endothelial-independent vasoreactivity to phar-
macologic challenge as described below. In addition to histologic and mo-
lecular analyses, carotid artery pressures and flows were measured acutely
(n¼ 4) to document the hemodynamic changes associated with partial sup-
port through an end-to-side anastomosis to a peripheral artery.
Surgical Preparation and Hemodynamic
Measurements
One day before surgery and continuing for the duration of the study,
each animal received a daily oral dose of 75 mg clopidogrel. Six hours after
surgery, animals were placed on heparin, which was titrated to maintain an
activated clotting time longer than 200 seconds. Warfarin was initiated on
postoperative day 3 and titrated to maintain an international normalized ra-
tio (INR) of 2.5 to 3.5. Heparin was discontinued after the INR was at a
therapeutic level.
Animals were anesthetized with 3% to 5% isoflurane and prepared for
sterile surgery. Permanent fluid-filled catheters were placed in the right ju-
gular vein for intravenous access and in the proximal right carotid artery for
arterial blood pressure monitoring. A left fifth intercostal space minithora-
cotomy was performed to place screw-in epicardial electrocardiographic
leads (Medtronic, Inc, Minneapolis, Minn).ery c July 2014
FIGURE 1. A, The anatomic configuration of the Symphony Heart Assist System (Abiomed, Inc, Danvers, Mass) in cows is shown. B and C, The anatomic
configuration of the Symphony Heart Assist System in humans is shown. In humans, the pump is connected to the subclavian artery. The pump fills during
native cardiac systole to reduce afterload and ejects during native cardiac diastole to augment diastolic blood pressure and improve the myocardial oxygen
supply/demand relationship. C and D, As a result, in the segment of artery between the anastomosis and the aorta, blood flows antegrade during pump filling
and retrograde during pump ejection. D, At baseline, a normal profile of carotid arterial blood pressures and flow were present (left panels). During 1:1
support, in which each ventricular systole triggered pump filling and each ventricular diastole triggered pump ejection, non-physiologic pressures and flows
were observed (middle panels). The aortic pressure tracings demonstrated effective diastolic augmentation during 1:1 support (top right panel) and 1:2 sup-
port (bottom right panel). E and F, Blood flows were quantified at baseline and during 1:1 support proximal and distal to the anastomosis. In the segment of
vessel distal to the anastomosis, augmented flowwas observed during native cardiac diastolewhen the pump ejected. In the segment of vessel proximal to the
anastomosis, augmented flowwas observed during native cardiac systolewhen the pumpwas filling. Complete flow reversal was observed in artery proximal
to the anastomosis during pump ejection. Flow reversal did not occur distal to the anastomosis. Mean flow was unchanged in either segment of vessel.
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Symphony pump (30-mL stroke volume) was implanted in a subcutaneous
pocket (73 73 5 cm) in the anterior neck. The percutaneous driveline was
tunneled to the nape of the neck, externalized, and attached to a pneumatic
driver (iPulse; Abiomed). A modified 8-mm polytetrafluoroethylene
vascular graft was sewn end to side to the carotid artery and connected
to the pump. Care was taken to completely deair the pump. Timing of
pump filling and emptying was triggered by the electrocardiogram with
R-wave recognition software. Significant aortic diastolic augmentation
and left ventricular afterload reduction were achieved (Figure 1, D, right
panels).
In a subset of animals, carotid arterial pressures and flows were
measured acutely. Transit-time ultrasonic flow probes (Transonic, Ithaca,
NY) were placed around the carotid artery proximal and distal to the anas-
tomosis. High-fidelity single-tip micromanometer catheters (Millar Instru-
ments, Inc, Houston, Tex) were placed directly in the carotid artery
proximal and distal to the anastomosis. The Symphony was operated in
an uninterrupted 1:1 support mode in which each ventricular systoleThe Journal of Thoracic and Caresulted in pump filling and each ventricular diastole triggered pump ejec-
tion. Diastolic augmentation and afterload reductionwere achieved. Hemo-
dynamic values were recorded for 30 seconds at baseline and during
Symphony support.
After recovery, animals underwent uninterrupted support for 1 to 4
weeks. On completion of the planned duration of support, animals were
euthanized with an intravenous bolus of pentobarbital sodium and
phenytoin sodium (Beuthanasia-D Special, 1 mL/5 kg; Schering-Plough
Animal Health Corp, Union, NJ).
Hemodynamic Data Reduction and Analysis
Hemodynamic transducers were precalibrated and postcalibrated
against known physical standards to ensure measurement accuracy. Data
were collected at 400 Hz, signal conditioned, and analog-to-digital con-
verted for digital analysis with our GLP compliant data acquisition
system.11
To determine hemodynamic values at baseline and during Symphony
support, carotid arterial flow and pressure waveforms were recorded tordiovascular Surgery c Volume 148, Number 1 313
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well as systolic and diastolic arterial pressures proximal and distal to the
anastomosis. Hemodynamic values were calculated on a beat-to-beat basis
for each 30-second data epoch with the Hemodynamic Evaluation and
Assessment Research Tool program12 developed in Matlab (Mathworks,
Inc, Natick, Mass). All analyzed beats in each data set (approximately
30-40 beats/30-second data set) were averaged to obtain a single represen-
tative mean value.
Isolated Carotid Arterial Ring Preparation
After euthanasia, fresh carotid artery cross sections proximal to the
anastomosis and from the control carotid artery were harvested, weighed,
and immersed in 4C PSS (118-mmo/L sodium chloride, 4.7-mmol/L po-
tassium chloride, 2.5-mmol/L calcium chloride, 1.2-mmol/L dihydrogen
potassium phosphate, 1.2-mmol/L magnesium sulfate, 12.5-mmol/L so-
dium bicarbonate, 11.1-mmol/L glucose, pH 7.4). Carotid arterial rings
(approximately 2 mm in thickness) were mounted in a tissue myobath con-
taining PSS, maintained at 37C, and bubbled with 95% oxygen and 5%
carbon dioxide. The carotid arterial rings were mounted between 2 wires,
stretched, and brought to a resting tension of 4 g. One of the mounted wires
was connected to a force transducer. Carotid arterial rings were allowed to
equilibrate for approximately 1 hour before experimentation. Maximum
contraction was induced with PSS with 100-mmol/L potassium ion.
Endothelial-independent contraction was stimulated with phenylephrine
(106-103 mol/L). At the maximum contraction with phenylephrine,
endothelial-independent relaxation was stimulated with sodium nitroprus-
side (106-103 mol/L). Phenylephrinewas again used to inducemaximum
contraction, and endothelium-dependent relaxation was stimulated with
acetylcholine (106-103 mol/L). Tissues were washed 3 times for 15 mi-
nutes with PSS between each pharmacologic challenge and set of measure-
ments. To minimize error caused by variation of tissue weight, tension in
grams was normalized to tissueweight in grams. Relaxation was calculated
as a percentage of maximal contraction with phenylephrine.
Histologic Examination
Formalin-fixed carotid artery sections were embedded in paraffin,
sectioned at 4 mm, deparaffinized, rehydrated, stained, and analyzed as pre-
viously described.13,14 Tunica media fibrosis was quantified with Masson’s
trichrome staining as the ratio of area occupied by collagen stain to the area
of tunica media sampled. Tunica media elastin content was quantified with
van Gieson staining as the ratio of area occupied by elastin stain to the area
of tunica media sampled. Total extracellular matrix was determined with
fluorescein isothiocyanate (FITC)–conjugated wheat germ agglutinin
staining (Molecular Probes, Invitrogen, Carlsbad, Calif) as the ratio of
area occupied by FITC stain to the area of tunica media sampled. Tunica
media cell nuclear size was determined with 40,6-diamidino-2-
phenylindole (DAPI) conuclear staining as the ratio of area occupied by
DAPI stain to the area of tunica media sampled divided by the number
of counted nuclei in that field. Endothelial size was determined with
FITC-conjugated isolectin B4 staining by measuring the cross-sectional
thickness of stained endothelium.
To determine the integrity of the endothelium, paraffin immunohisto-
chemical testing for CD41/61 was performed to establish whether platelets
were adherent to intima denuded of endothelial cells. Standard antigenTABLE 1. Primer pairs for quantitative real-time polymerase chain react
Protein Sense
MMP-2 50-CCTGGGCCCCGTCACT-30
MMP-9 50-TTAGGAACCGCTTGCATTTCTT
CTGF 50-TCCCACGGAGGGTCAAACT-30
18s 50-CGAACGTCTGCCCTATCAACTT
MMP, Matrix metalloproteinase; CTGF, connective tissue growth factor; 18s, 18s ribosom
314 The Journal of Thoracic and Cardiovascular Surgretrieval was performed. Sections were permeabilized (0.05% saponin),
blocked (2% bovine serum albumin, 2% goat serum, in phosphate-
buffered saline solution), incubated with monoclonal mouse antibovine
CD41/61 primary antibody (1/500; Abcam, Cambridge,Mass) for 24 hours
at 4C and FITC-conjugated goat antimouse IgG (Invitrogen, 1/200) for 1
hour at room temperature. Similarly, paraffin immunohistochemical testing
for von Willebrand factor was performed. After permealbilization and
blocked, sections were incubated with rabbit antihuman von Willebrand
factor primary antibody (1/500 dilution, Dako North America, Inc, Carpin-
teria, Calif) overnight at 4C and FITC-conjugated mouse antihuman IgG
(1/200; Invitrogen) for 1 hour at room temperature. Endothelial and tunica
media cell apoptosis was determined with the DeadEnd fluorometric termi-
nal deoxynucleotidyl transferase deoxyuridine triphosphate nick-end label-
ing (TUNEL) System (Promega, Madison, Wis), which catalytically
incorporates fluorescein-12-deoxyuridine triphosphate at DNA strand
breaks in cells actively undergoing programed cell death.
Stains were viewed and photographed with light and epifluorescence
microscopy (Nikon TE2000; Nikon Corp, Tokyo, Japan) and analyzed
with Metamorph Imaging Software (Molecular Devices Inc, Sunnyvale,
Calif). For all histologic stains, 3 random fields were analyzed per tissue
section. Values were averaged to obtain a single representative mean value.
Quantitative Real-Time PCR
Total RNAwas isolated from snap-frozen carotid artery with TRIzol re-
agent (Invitrogen), and complementary DNA was synthesized from 1 mg
RNAwith the iScript cDNA Synthesis kit (BioRad, Hercules, Calif). Rela-
tive levels of messenger RNA for MMP-2, MMP-9, and CTGF were quan-
tified by real-time PCR with the use of SYBR Green (Applied Biosystems,
Life Technologies, Carlsbad, Calif). Data were normalized to 18s ribo-
somal RNA subunit expression by the DDCT comparative method as pre-
viously described.13 Primer pairs are given in Table 1.
Statistical Analysis
GraphPad Prism (version 5.00; GraphPad Software, Inc, La Jolla, Calif)
was used to perform statistical analyses and plot data. Paired Student’s t
tests were used to compare hemodynamic measurements, histologic char-
acteristics, gene expression, immunohistochemical data, molecular mea-
surements, and isolated ring measurements between the carotid artery
adjacent to the Symphony graft anastomosis and the contralateral (control)
carotid artery. All data are presented as mean  SE.RESULTS
Hemodynamics
The Symphony pump altered carotid arterial pressure and
blood flow (Figure 1). Carotid arterial blood pressure
changed from approximately 90/50 mm Hg at baseline to
200/15 mm Hg during Symphony support (Figure 1, D).
Blood pressure values were similar proximal and distal to
the anastomosis. During ejection of the pump during native
cardiac diastole, approximately 33% of the blood volume
flowed cephalad through the distal carotid artery. In contrast,ion
Antisense
50-GAGATGCCGTCGAAGACGAT-30
-30 50-CCCCCTCCCTCAGAAAGTCT-30
50-CATCACGGGACACCCATTC-30
-30 50-ACCCGTGGTTCACCATGGTA-30
al RNA subunit.
ery c July 2014
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the proximal carotid artery into the ascending aorta.
Proximal to the anastomosis, peak antegrade blood flow
increased from a baseline flow of 1.40  0.32 L/min to
4.29  0.33 L/min during pump filling (P < .001;
Figure 1, D and F). The peak flow during pump ejection
reversed completely from an antegrade flow of 0.25 
0.05 L/min to a retrograde flow of 4.15  0.38 L/min
(P<.001; Figure 1, D and F). Flow reversal in the proximal
carotid artery during diastole resulted in antegrade flow
augmentation into the aorta.
Distal to the anastomosis, the peak antegrade blood flow
increased from a baseline value of 1.10  0.06 L/min to
2.17  0.21 L/min during pump ejection (P ¼ .01;
Figure 1, D and E). Flow reversal did not occur in the distal
carotid artery.
Gross Findings
The carotid artery near the anastomosis appeared dilated
relative to the control carotid artery. Faint ecchymosis was
frequently observed within the arterial wall near the anasto-
mosis (Figure 2, A). The control carotid artery appeared
grossly normal.
Histomorphometric Analysis
The carotid artery near the anastomosis was dilated by
approximately 25% relative to the control carotid artery
(P<.01; Figure 2, B, E, and G), which translated into an
approximate 145% increase in luminal area. The tunica me-
dia was significantly thinner (P<.01; Figure 2, C), and the
tunica adventitia was significantly thicker (P < .01;
Figure 2, D) than in the controls. Intimal hyperplasia was
clearly evident near the anastomosis (Figure 2, G and H).
Histologic Examination
Masson’s trichrome staining indicated that the tunica me-
dia near the anastomosis contained significantly more
collagen than did the control carotid arteries (P < .05;
Figure 2, E-I). Similarly, van Gieson staining exhibited
significantly more elastin near the anastomosis than in con-
trol carotid arteries (P < .05; Figure 2, J-N). FITC-
conjugated wheat germ agglutinin staining demonstrated
significantly elevated total extracellular matrix in the tunica
media near the anastomosis relative to controls (P< .01;
Figure 3, A-I). DAPI conuclear staining demonstrated that
tunica media cell number and nuclear size were not statisti-
cally different.
MMP Gene Expression
Quantitative real-time PCR demonstrated significantly
reduced gene expression of MMP-9 (P<.05; Figure 3, J)
in the carotid artery near the anastomosis relative to the con-
trols. MMP-2 gene expression trended toward a decrease
but did not reach statistical significance. Gene expressionThe Journal of Thoracic and Caof CTGF increased significantly (P<.01; Figure 3, K), by
approximately 1000%, in carotid artery near the anasto-
mosis relative to the controls.
Molecular Studies
Isolectin B4 staining demonstrated a significantly greater
endothelial cell thickness near the anastomosis than in the
control carotid arteries (P<.01; Figure 3, L-R). Von Wille-
brand factor staining demonstrated significantly greater von
Willebrand factor on the luminal surface of endothelial cells
near the anastomosis than in the controls (P<.01; Figure 4,
A-J).
Platelets adherent to endothelial cells were extremely
rare both near the anastomosis and in the controls, which
indicated that the endothelium was circumferentially intact
in both treated and control carotid arteries. CD41/61 stain-
ing for platelets demonstrated significantly fewer platelets
adherent to endothelial cells near the anastomosis than in
the controls (P<.05; Figure 3, S-Y).
Terminal deoxynucleotidyl transferase deoxyuridine
triphosphate nick-end labeling demonstrated a signifi-
cantly greater rate of endothelial cell apoptosis near the
anastomosis than in the controls (P < .01; Figure 4,
K-T). The rate of tunica media cell apoptosis was not
significantly different near the anastomosis than in the
controls.
Carotid Endothelial-Dependent and
Endothelial-Independent Vasoreactivities
In carotid arterial rings proximal to the anastomosis,
maximum contraction with high-potassium PSS was
reduced relative to the controls (Figure 5, A). Endothelial-
independent contraction with phenylephrine was also
significantly reduced (P<.05; Figure 5, B). Endothelium-
independent relaxation with sodium nitroprusside was not
affected (Figure 5, C). Endothelial-dependent relaxation
with acetylcholine trended toward an increase near the
anastomosis, but this did not reach statistical significance
(Figure 5, D).
DISCUSSION
Less Invasive Partial-Support LVAD
Recently, the National Heart, Lung, and Blood Institute
issued a mission statement to support the development of
long-term mechanical strategies with minimally invasive
surgery to provide moderate hemodynamic support
earlier in the progression of heart failure.15 In parallel, in-
vestigators and industry have miniaturized LVADs for
less-invasive support. Small devices implanted with less-
invasive surgery are designed to provide ‘‘partial support’’.
Partial unloading of the failing left ventricle may interrupt
the progressive hemodynamic deterioration of heart failure
and improve quality of life in patients with earlier stages of
heart failure. Importantly, partial support may reduce nativerdiovascular Surgery c Volume 148, Number 1 315
FIGURE 2. A, Gross carotid artery from the site of the anastomosis is shown. Faint ecchymosis was observed within the arterial wall. B-D, The diameters
of the vessel lumen, tunica media, and tunica adventitia changed significantly relative to the control carotid artery. E-H, Masson’s trichrome staining of
carotid artery cross sections demonstrated intimal hyperplasia and bands of extracellular matrix deposition within layers of smooth muscle in the tunica
media near the anastomosis relative to the controls. Carotid artery rings 23, black bar represents 2000 mm; insets 203, black bar represents 200 mm. I,
The total collagen content increased significantly in the tunica media near the anastomosis relative to the controls. J-M, van Gieson staining of carotid artery
cross sections demonstrated increased elastin density (black stain) and elastin cross-linking in the tunica media and tunica adventitia near the anastomosis
relative to the controls. Vessel wall 103, black bar represents 400 mm; insets 403, black bar represents 100 mm. N, The total elastin content increased
significantly in the tunica media near the anastomosis relative to the controls.
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promote favorable myocardial remodeling before the onset
of irreversible myocardial damage. Other potential benefits
of less invasive partial support include reduced right ven-
tricular failure, shorter hospital stays, and lower costs.16
Initial clinical results with partial-support devices are
encouraging.6,16-18
Nearly a dozen new devices with novel support strategies
are poised for clinical trials.16 Certain devices are connected316 The Journal of Thoracic and Cardiovascular Surgto a peripheral artery rather than the aorta. Anastomosis of
the outflow graft to the subclavian artery was initially
described by DeBakey19 when he implanted the first
LVAD, and this has become a common site for less invasive
therapy. For example, the continuous-flow CircuLite Syn-
ergy Pocket Micro-Pump6 and the Symphony pump5 both
use this configuration. This approach forces a medium-
sized peripheral artery to accommodate nonphysiologic he-
modynamics and the volumetric flow of a larger artery.Withery c July 2014
FIGURE 3. Wheat germ agglutinin staining of carotid arterial cross sections demonstrated bands of infiltrating extracellular matrix within layers of the
tunica media near the anastomosis relative to the controls. A and E, Bright-field images. B and F, 40,6-Diamidino-2-phenylindole (DAPI) conuclear stain.
C and G, Fluorescein isothiocyanate (FITC)–conjugated wheat-germ agglutinin stain. D and H, Triple overlay, 43, white bar represents 1000 mm. I, The
total extracellular matrix content increased significantly in the tunica media near the anastomosis relative to the controls. J and K, Quantitative real-time
polymerase chain reaction demonstrated reduced matrix metalloproteinase gene expression (J) and greatly enhanced connective tissue growth factor gene
expression (K) in carotid artery near the anastomosis versus controls. L-R, Isolectin B4 staining of carotid arterial cross sections for endothelial cells demon-
strated that the endothelium was circumferentially intact. Endothelial cells were significantly hypertrophied near the anastomosis versus the controls. L and
O, Bright-field images. M and P, FITC-conjugated isolectin B4 stain. N and Q, Overlay, 403, white bar represents 100 mm. R, The thickness of the tunica
intima increased significantly near the anastomosis relative to the controls. S-Y, CD41/61 immunohistochemical staining for platelets demonstrated signif-
icantly reduced platelet-endothelial interactions near the anastomosis relative to control carotid artery. Large platelet aggregates were not observed in any
animals and further demonstrated that the endothelium was intact circumferentially within the carotid artery near the anastomosis. S and V, Bright-field
images. T and W, Texas red–conjugated CD41/61 stain. U and X, Overlay, 403, white bar represents 100 mm. Y, Platelet-endothelial interactions were
extremely rare but were significantly reduced near the anastomosis relative to the controls. CPD, Counterpulsation device.
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LVAD-altered hemodynamics on arterial structure and func-
tion has not been well studied.
Effect of Mechanical Loading on Arterial
Remodeling
In this study, altered hemodynamics during circulatory
support through a peripheral artery triggered endothelial
and arterial remodeling. Specifically, abnormal blood pres-
sure and flow activated multiple cellular programs thatThe Journal of Thoracic and Caproduced (1) arterial dilatation; (2) a decreased ratio of
tunica media to tunica adventitia; (3) increased depositions
of collagen, elastin, and total extracellular matrix;
(4) decreased gene expressions of MMPs; (5) increased
gene expression of CTGF; (6) decreased endothelial
adhesion of platelets; (7) endothelial cell hypertrophy;
(8) increased endothelial cell production of von Wille-
brand factor; (9) endothelial cell apoptosis; (10) enhanced
endothelial-dependent relaxation; and (11) impaired
endothelial-independent contraction. These changes withinrdiovascular Surgery c Volume 148, Number 1 317
FIGURE 4. von Willebrand factor immunohistochemical staining demonstrated that endothelial cells near the anastomosis were manufacturing a greater
quantity of von Willebrand factor relative to the controls. A and E, Bright-field images. B and F, Fluorescein isothiocyanate (FITC)–conjugated von Wil-
lebrand factor stain. C and G, 40,6-Diamidino-2-phenylindole (DAPI) conuclear stain. D and H, Overlay, 403, white bar represents 100 mm. I and J, Total
staining area and staining intensity for vonWillebrand factor increased significantly in endothelium near the anastomosis relative to controls. K-T, Terminal
deoxynucleotidyl transferase deoxyuridine triphosphate nick-end labeling for cells actively undergoing programmed cell death demonstrated a significantly
higher rate of endothelial cell apoptosis near the anastomosis relative to the controls. K and O, Bright-field images. L and P, DAPI conuclear stain. M and Q,
FITC conjugated terminal deoxynucleotidyl transferase deoxyuridine triphosphate nick-end labeling positive stain. N and R, Overlay, 403, white bar rep-
resents 100 mm. S and T, The rate of endothelial cell apoptosis but not smooth muscle cell apoptosis increased significantly near the anastomosis relative to
controls.
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allowed a peripheral artery to accommodate the altered
hemodynamics of a novel partial-support LVAD.
Arterial remodeling is a natural consequence of patho-
logic mechanical loading.3,4 Multiple clinical examples
are well described. Malignant hypertension induces
fibrinoid necrosis.20 Chronic hypertension causes endothe-
lial dysfunction, hyperplastic remodeling of the tunica in-
tima and tunica media, and accelerated atherogenesis.20
Heart failure produces endothelial dysfunction and arterial
stiffening.21 Furthermore, iatrogenic arterial remodeling
similar to changes described in this report occurs in autog-
enous arteriovenous fistulas and during intra-aortic balloon
pump counterpulsation. In an arteriovenous fistula for318 The Journal of Thoracic and Cardiovascular Surghemodialysis access, a medium-sized artery transitions
from accommodating medium-volume laminar flow to
high-volume turbulent flow with high shear stress. As a
result, radial-cephalic fistulas undergo such adaptive
changes as arterial dilatation,22 intimal hyperplasia,23 and
smooth muscle cell apoptosis,23 which ensure a functional
fistula for chronic intravenous access. Likewise, an
intra-aortic balloon pump produces supraphysiologic pulse
pressures and systemic flow reversal24 that trigger arterial
changes.25 In these situations, abnormal mechanical forces
influence the composition and function of the endothelium
and the arterial wall.
Indeed, during normal pulsatile blood flow, 3 mechanical
forces stimulate arterial cells: (1) cyclic circumferentialery c July 2014
FIGURE 5. Invitro isolated carotid arterial-ring studies demonstrated reduced total force generation to high-potassium (100-mmol/L Kþ) challenge (A), signi-
ficantly reduced force generation to endothelial-independent challenge with phenylephrine (Phe; B), no change in relaxation with endothelial-independent
challenge with nitric oxide (sodium nitroprusside [SNP]; C), and enhanced relaxation with endothelial-dependent challenge with acetylcholine (ACh, D).
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to the vessel wall, (2) a constant unidirectional viscous
drag-induced shear stress from erythrocytes and
plasma flowing over the endothelium, and (3) cyclic axial
stretching of the artery parallel to the direction of blood
flow. These forces impart an atheroprotective effect that
maintains normal arterial architecture.26 The Symphony
pump alters each of these forces. High pressure during
systolic ejection increases radial expansion. Viscous drag
changes from continuous and unidirectional to interrupted
and bidirectional during each beat. Axial stretching changes
from unidirectional to bidirectional during each beat.
Endothelial cell structure and function are heavily
dependent on mechanical forces.4 During Symphony
support, endothelial cells near the anastomosis adapted to
supraphysiologic pressures and turbulent, bidirectional
flow. Despite arterial dilatation, the endothelium remained
circumferentially intact. Endothelial hypertrophy, increased
production of vonWillebrand factor, enhanced endothelial-
dependent relaxation, and increased endothelial apoptosis
suggested increased metabolism within endothelial cellsThe Journal of Thoracic and Caand a high cell turnover rate. Abnormal flow activated
multiple cellular programs involved in endothelial cell
size, metabolism, protein manufacturing, matrix deposition
and remodeling, vasoreactivity, and life cycle.
Tunica media structure and function are also dependent
on mechanical forces.3 During Symphony support,
increased productions of collagen and elastin were observed
throughout the arterial wall. DecreasedMMPs in the arterial
wall may have resulted in the accumulation of extracellular
matrix throughout the tunica media and tunica adventitia.
Bands of matrix were deposited between layers of smooth
muscle cells and interrupted the normal architecture of
the tunica media. These structural changes likely prevented
the artery from generating the same contractile force
through a-adrenergic stimulation with phenylephrine
during in vitro isolated ring studies.
We propose that nonphysiologic arterial hemodynamic
loading with the Symphony pump triggered arterial remod-
eling to accommodate a new flow profile within the vessel.
Endothelial cells likely orchestrated remodeling of the me-
dia. In endothelial cells, mechanotransduction mechanismsrdiovascular Surgery c Volume 148, Number 1 319
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sponses to influence vascular remodeling and vascular reac-
tivity.4 Phasic hydrostatic pressures stimulate endothelial
secretion of autocrine factors that modulate vascular
smooth muscle cell orientation and organization of the
extracellular matrix by way of MMP activity and growth
factors.3 Similarly, vasomotor tone is controlled largely
by vasoactive substances released from the endothelium.
As such, we speculate that altered pulsatility, flow, and
shear stress within the carotid artery during Symphony sup-
port may have reset the balance of autocrine, growth, and
vasoactive factors, as well as MMPs. As a result, remodel-
ing of the endothelium and arterial wall occurred.
Clinical Implications
Multiple devices that operate with different mechanisms
of flow are clinically available or poised for clinical trials.16
Each device produces a unique hemodynamic profile, with
varying pulsatility, turbulence, shear stress, and flow direc-
tionality. As such, each device produces hemodynamic de-
rangements that may cause arterial remodeling.
Wehave shown that theSymphonypump, a pulsatile pump,
generates excess pulsatility that triggers arterial remodeling.
In contrast, during support with a continuous-flow LVAD,
native pulsatility is nearly abolished.27 Interestingly, there is
significant evidence that prolonged nonpulsatile blood flow
with a continuous-flowLVADalso produces arterial remodel-
ing28-31 similar to the changes described in this report with
a pulsatile pump. These studies and our data demonstrate
that altered pulsatility (increased or reduced) produces
architectural and functional arterial changes. We therefore
speculate that the altered flow profile with any LVAD will
influence arterial tissues. The effect on long-term patient
outcomes is uncertain. Further investigation of the remodel-
ing pathways that we identified may be of significance for
the field of mechanical circulatory support.
Cerebral perfusion is an important consideration with the
Symphony pump. In this study, the end organs of all animals
were examined carefully in cross section for gross patho-
logic changes and signs of thromboembolism. We did not
observe infarcted brain tissue or the sequelae of a stroke
in any animal in this study. Furthermore, during previous
30-day studies with the Symphony pump, in which support
was similarly delivered directly into the carotid artery, we
did not observe neurologic dysfunction in any animals.10
In humans, the Symphony pump is anastomosed to the sub-
clavian artery. As such, support will not occur directly into
the carotid artery and cerebral vessels and thus is even less
likely to produce neurologic dysfunction than in the bovine
model.
Limitations
The primary purpose of these implantations was to deter-
mine the safety of the Symphony pump in a preclinical320 The Journal of Thoracic and Cardiovascular Surglarge-animal model. In parallel, the opportunity to study
vessel morphology and function near the anastomosis was
available. As a result, tissues from specific durations of sup-
port were not always available for an equal sample size with
each assay performed.
Animals were euthanized after short-term support (weeks).
Gross, histologic, and molecular changes observed may be
progressive after longer exposure to nonphysiologic blood
flow patterns. It is possible that prolonged support for years
may result in subclavian aneurysm formation or arterial
dissection. Similarly, prolonged Symphony support may in-
fluence arterial tissues distant from the anastomosis. Addi-
tional long-term studies in animals and in humans are
necessary to characterize the effect of prolonged mechanical
circulatory support on a peripheral artery, aswell as to develop
management strategies for complications that may arise. Pa-
tients implanted with a Symphony pump will undergo serial
ultrasonographic screening of the subclavian artery to identify
emerging pathology for early management.CONCLUSIONS
Altered hemodynamics with an LVAD induced arterial
remodeling. Non-physiologic blood pressure and flow trig-
gered a hypermetabolic state in endothelium, altered
arterial gene expression, changed the distribution and
composition of the extracellular matrix, and changed arte-
rial vasoreactivity. These data suggest potential mechanistic
pathways for future investigation that may be of signifi-
cance for the emerging field of partial circulatory support.
These data may also contribute to our understanding of
arterial remodeling in hypertension, heart failure, arteriove-
nous fistulas, and prolonged intra-aortic balloon pump
counterpulsation.
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